In canine Purkinje fiber-papillary muscle preparations it was shown directly that electrotonic spread can take place across the junctions between Purkinje fibers and ordinary muscle fibers (P-M junctions). The P-M delay recorded during orthodromic propagation varied considerably within any given preparation. Moderate increases in the external concentration of K + (up to 6 ITIM) consistently decreased the P-M delay; when the concentration of external K + was increased to 8 HIM the P-M delay increased. With larger concentrations of K + (10 to 11 mM), total conduction block from the terminal Purkinje fibers to the muscle occurred; under the same conditions antidromic propagation from muscle to Purkinje fiber was still possible. The results can be explained satisfactorily by assuming that propagation across the P-M junction is electrical and that the geometry of the functional syncytium changes progressively from a cable-like system at the level of the terminal Purkinje fibers to a two-or threedimensional irregular syncytium at the bulk of the myocardial mass.
• It is generally accepted that propagation of action potentials in vertebrate cardiac tissue results from the flow of current between adjacent active and resting areas. Electrical propagation from cell to cell can be effective only if the intercellular connections have relatively low resistance. Evidence that this is the case has been obtained in atrial tissue (1) (2) (3) , Purkinje fibers (4) , and in ordinary ventricular muscle (5, 6) . Contrary to this evidence, Sperelakis and co-workers (7) maintain that cardiac muscle cells are electri-cally insulated from each other and, accordingly, the mechanism of propagation cannot be of a simple electrical nature. However, the validity of the local circuit theory has been firmly established by Barr et al. (8) in frog atrial tissue.
Little is known about the characteristics of impulse propagation between the specialized Purkinje fibers and ordinary muscle fibers. Recent indirect evidence indicates that the Purkinje fiber-muscle junctions (P-M junctions ) offer relatively low resistance to current flow (9) .
Matsuda et al. (10) have reported that "There is a slight but distinct and rather abrupt delay of about 5 to 10 msec in impulse conduction from the terminal Purkinje fiber to the ventricular fiber in orthodromic conduction but not in antidromic conduction." If 136 MENDEZ, MUELLER, URGUIAGA propagation across the P-M junctions is electrical, an abrupt delay of such magnitude would imply a low margin of safety for orthodromic propagation.
In the present study, the characteristics of impulse conduction between specialized fibers and muscle fibers have been investigated further. The results obtained indicate that in the same preparation, the P-M junctions do not behave uniformly; i.e., some junctions may fail to transmit impulses in the orthodromic direction, while at other junctions propagation takes place in both directions with a relatively high margin of safety. These findings can be readily explained in terms of the local-circuit theory if it is assumed that the geometry of the functional syncytium varies from junction to junction and that a particular geometry is required to secure effective transmission.
Methods
Purkinje papillary muscle preparations were excised from dogs anesthetized with sodium pentobarbital, 35 mg/kg, and were isolated by the technique described by Hoffman et al. (11) . The preparations were continuously perfused with Tyrode's solution saturated with a mixture of O 2 (95%) and CO 2 (5%). The composition of the Tyrode solution in millimolar was: NaCl 136.8; KC1 2.7; NaH 2 PO 4 0.4; CaCL, 1.8; MgCl 2 1.1; dextrose 5.5; NaHCO., 11.9 .
The temperature of the chamber was maintained at 36 or 37°C ± 0.4°C.
All preparations were driven electrically. A pair of silver electrodes insulated except at the tips was applied close to the cut end of one of the attached bundles of Purkinje fibers. In some experiments, when it was desired to study antidromic propagation, another pair of stimulating electrodes was applied close to the apex of the papillary muscle. Stimuli were rectangular pulses 1 msec in duration obtained from two Tektronix pulse generators. The outputs of the pulse generators were fed to two independent isolation transformers. The basic cycle length used in any one experiment was constant and ranged from 700 to 800 msec.
In all experiments two or three simultaneous records of transmembrane potentials were obtained by conventional techniques. The electrical signals were displayed on an oscilloscope (Tektronix 565) and photographed with a Grass camera.
In some experiments it was necessary to stimulate and record through the same microelectrode. During the passage of current the input of the preamplifier was switched electrically to ground by means of field effect transistors that, when open, offered almost infinite impedance. The system used was essentially similar to that described previously (12) . The terminology used in a previous publication (9) has been kept. "Central Purkinje fibers" are the specialized fibers located in the free running false tendons. "Peripheral Purkinje tissue" corresponds to specialized fibers that run on the surface of the papillary muscle and were always identified by the configuration of their action potentials. The term "terminal Purkinje fibers" corresponds to cells that provide the "spike and dome" action potentials first described by Matsuda et al. (10) . Ordinary muscle fibers were identified by the configuration of their action potentials.
The term Purkinje fiber-muscle (P-M) junction does not imply that a typical Purkinje cell is in close apposition to a typical muscle cell; i.e., the histology of the junctions may show transitional morphologies.
Results

I. CONDUCTION DELAY AT PURKINJE FIBER-MUSCLE JUNCTIONS A. Short P-M Delays
The action potential of the terminal portion of the Purkinje fibers has a characteristic configuration first described by Matsuda et al. (10) . The orthodromically propagated impulse has a fast depolarization phase which ends with a brief spike followed by a distinct dip from which a second slow depolarization arises. This secondary depolarization corresponds closely in time with the moment of activation of neighboring muscle fibers (10) and there is reason to believe that it results from electrotonic interactions across the junctions. It is postulated that, once the magnitude of the junctional muscle action potential exceeds that of the corresponding terminal fiber, the excess propagates electrotonically back into the terminal fiber and causes the second slow depolarization (see Discussion). A rough estimate of the P-M delay during orthodromic conduction may therefore be obtained from records of terminal Purkinje fibers by measuring the interval between the inflection point of the first rapid depolarization and the beginning of the secondary PURKINJE FIBER-MUSCLE JUNCTIONS 137 depolarization. With this criterion it was not uncommon to find, in restricted areas of the preparations, delays of the same magnitude as those reported by Matsuda et al. (10) , i.e., from 5 to 10 msec.
However, in most preparations it was possible to find shorter delays of about 2 msec in other areas, the lower limit being 1.3 msec. Figure 1 shows records, taken at a fast sweep speed, of the beginning of the action potentials of three terminal fibers belonging to the same preparation. The upper two traces were recorded simultaneously and the lower one shortly after. For each tracing, the arrows signal the inflection point of the first rapid depolarization and the beginning of the second slow depolarization. The estimated delay was 3.2 msec for the upper trace, 1.9 msec for the middle trace, and 1.3 msec for the lower trace. These differences probably reflect the variability of the P-M delay, but a contributing factor to the variability may be different conduction times from the points of impalement to the muscle junctions. In other words, the distance between the impaled site Initial portion of action potentials of terminal Purkinje fibers. The arrows indicate for each record the estimated P-M delay. Calibrations 4 msec and 50 mv. For explanation see text.
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and the corresponding muscle junction is not known and cannot be constant.
For the shortest delays observed (1.3 to 2.0 msec) the above-mentioned source of error may be considered negligible, but, nevertheless, the procedure employed overestimates the true P-M delay. The reason for this statement is that the total rise time of muscle action potentials is relatively long and a significant time interval may elapse between the moment the junctional muscle cells fire and the moment their action potentials reach the appropriate level to exert a net electrotonic influence on the terminal fibers. Therefore, that time interval should be subtracted from the estimated P-M delay. Figure 2 illustrates this point. Part A shows two simultaneous records obtained from a terminal fiber (upper trace) and a nearby muscle fiber (lower trace). The distance between the microelectrodes was about 200/x, but the impaled cells might not belong to the same P-M junction. However, if the muscle cells responsible for the second slow depolarization of the terminal fiber had action potentials similar to that shown in the lower trace, it is obvious that the estimated delay of 2.0 msec, indicated by the arrows, should be corrected by a time interval of about 1.3 msec, indicated by the dotted lines, leaving a P-M delay of about 0.7 msec. The records of Figure 2B , from a different preparation, also show simultaneous tracings of a terminal fiber (upper trace) and a nearby (250/n approx.) muscle cell (lower trace). The rate of rise of the muscle action potential was high at first but slowed down considerably during the upper third of the upstroke. Again, if the muscle cells connected to the terminal fiber had action potentials of similar shape, then the true P-M delay should be close to 0.4 msec, whereas the apparent delay (arrows) was 1.5 msec.
To determine with certainty the magnitude of the P-M delay, it would be necessary to obtain simultaneous records from the terminal portion of a specialized fiber and from the muscle fiber or fibers with which it makes connections. Since there is indirect evidence that the P-M junctions offer relatively low resistance to current flow (9) , assurance that the two microelectrodes were exploring the same P-M junction would be provided if it were possible to show directly that electrotonic interactions could take place between the impaled cells.
The difficulties of meeting this requirement were great: first, the direction of an impaled terminal fiber could not be known with precision, and second, since it was not possible to maintain the impalements for long periods of time, a systematic exploration of the area surrounding an impaled terminal fiber was MENDEZ, MUELLER, URGUIAGA precluded. Nevertheless, when simultaneous records from terminal and nearby muscle cells were obtained, on numerous occasions hyperpolarizing constant current pulses (60 msec in duration) were passed through one of the micropipettes to determine directly whether or not there was d-c coupling between the cells. Positive results were obtained in only six out of many trials, and in four of these the electrotonic interaction was weak. Figure 3 illustrates the case where the largest interaction was recorded. Part A of the figure shows simultaneous tracings taken at a fast sweep speed of a terminal fiber (upper A FIGURE 3
Electrotonic interaction between a terminal Purkinje fiber (upper trace in A) and a nearby muscle cell (lower trace in A). B shows the transmembrane potential of the same terminal fiber (slower sweep speed) and the hyperpolarization produced by a current pulse injected in the neighboring muscle cell. Time calibration 4 msec for A and 200 msec for B.
Vertical calibration in A (SO mv) applied also to B. Vertical calibration of current pulse in B: 5 X 10~7 amp. For explanation see text.
FIGURE 4
Simultaneous tracings of a terminal Purkinje fiber (upper trace) and a junctional muscle fiber (lower trace). Calibration 4 msec and 50 mv. For explanation see text.
trace) and of a neighboring muscle cell (lower trace). The distance between the microelectrodes was approximately 200/A. The rapid depolarization phase of the muscle action potential was distorted by a pronounced hump. Part B, obtained at a slower sweep speed, shows the transmembrane potential of the same terminal fiber. During diastole a hyperpolarizing pulse of 3.5 X l(h 7 amp and 60 msec in duration was passed through the microelectrode located in the muscle cell, and a huge electrotonic hyperpolarization was recorded from the terminal fiber. This is an interesting case because it supplies direct proof that the two microelectrodes were exploring both sides of the same P-M junction and the P-M delay was only 0.3 msec.
In the vicinity of terminal Purkinje fibers it was often possible to record muscle action potentials whose depolarization phase showed a prepotential that frequently led to regenerative activity. Figure 4 shows a typical case; the upper trace corresponds to a terminal fiber and the lower to a nearby muscle fiber whose activity showed a marked prepotential. Muscle fibers with these characteristics were found Circulation Research, Vol. XXVI, February 1970 only in regions supplied with specialized tissue and will be designated from now on as' junctional muscle fibers. The implication is that these cells constituted the muscle part of the P-M junctions or that they were functionally close to those junctions.
B. Long P-M Delays
Although the P-M delay during orthodromic conduction could be short (less than 1 msec), a whole gamut of delays up to 10 msec could also be observed. Yet the subdivision into short and long P-M delays may not be entirely arbitrary. Evidence will be presented in this section that suggests that some P-M delays longer than 5 msec might be the result of conduction block at those junctions.
The sweep speed used for the figures of this section was slower (0.4 times that used for the previous figures). Figure 5 shows simultaneous tracings of a terminal fiber (upper trace) and of a neighboring muscle fiber (300/u. approx.). The record obtained from the terminal fiber indicates that the estimated P-M delay was around 9 msec. The transmembrane potential of the muscle fiber shows a prepotential whose beginning was almost coincidental with the Spontaneous change in configuration of the initial portion of the action potential of a functional muscle cell. In A the active depolarization was preceded hij a marked prepotential. In B the regenerative response emerged from, the prepotential. Calibrations 10 msec and 50 mv. For explanation see text.
spike of the terminal fiber. The prepotential passed through a maximum and after a significant lapse of time the fiber fired, and the upstroke of its action potential corresponded in time with the second depolarization of the terminal fiber.
In restricted areas where the P-M delay was long it was not uncommon to record transmembrane potentials of this type from junctional muscle fibers. The important feature was that the prepotential passed through a maximum of variable magnitude and that the cell fired only after it declined. A reasonable interpretation of this phenomenon is that the junctional muscle fibers under consideration received two inputs: the first, supplied by a terminal fiber, was ineffective and the prepotential resulted from the electrotonic spread of the activity of the terminal fiber; the second input, which was successful, could then be due to muscle activity propagated from other P-M junctions where transmission was effective. This concept is further supported by the chance results illustrated in Figure 6 . Part A shows the transmembrane potential of a junctional muscle fiber. The large prepotential reached a maximum of 45 mv, and after it declined the fiber responded actively. Seconds later the same cell provided the response shown in B. In this case the regenerative response emerged from the prepotential. From then on, the transmembrane potential showed one configuration or the other until the impalement was lost shortly after. Il seems likely that we were dealing with a critical situation in which at times (Fig. 6A ) the first input supplied by a terminal fiber was ineffective and the junctional fiber was actively engaged later on by muscle activity propagated from other junctions. At other times the first input was successful ( Fig. 6B ) and the cell fired 4 msec earlier.
If the long delays observed at some junctions are the consequence of conduction block, then the action potentials of some muscle cells located at a relatively short distance from the site of block should precede the initiation of the second depolarization of the respective terminal fiber. Figure 7 illustrates an example in which this seemed to be the case. Part A shows simultaneous tracings of a terminal fiber (first response) and of a nearby muscle cell (300/A approx.). The spike of the terminal fiber was followed by a pronounced dip and the second depolarization was quite conspicuous. The estimated P-M delay was 5.5 msec. The action potential of the muscle cell clearly preceded the second depolarization of the terminal fiber where the two tracings cross each other. This evidence, although suggestive, is not conclusive; thus it could be argued that the impaled cells might not belong to the same P-M unit and that Simultaneous records of a terminal Purkinje fiber (upper trace) and a nearby muscle cell (lower trace). In B the terminal fiber was stimulated directly via the same microelectrode used for recording. Calibrations 10 msec and 50 mv. For explanation see text.
therefore the time relations lacked strict meaning. However, the results obtained in part B of the same figure further support the hypothesis under consideration. In part B the transmembrane potentials of the same cells are displayed. The terminal fiber was stimulated directly by passing a depolarizing suprathreshold shock, 1 msec in duration, through the same microelectrode used for recording. The sweep started with the beginning of the intracellular stimulus, and to protect the preamplifier, its input was grounded for the duration of the pulse (see Methods). For this reason it was not possible to establish when the terminal fiber fired but it 141 is obvious that its response started not later than the end of the depolarizing pulse. Under these conditions the P-M delay was almost 2 msec longer than in Figure 7A (the dotted lines joining the arrows emphasize this point), and the action potential of the muscle fiber still preceded the second depolarization of the terminal fiber. These results should be expected if the junction under consideration was unable to propagate impulses in the orthodromic direction. Thus the response initiated directly in the terminal fiber must have propagated back through specialized tissue and eventually must have returned to other nearby junctions where propagation to muscle was successful. Under these conditions the muscle action potential should, as it did, precede the second depolarization of the terminal fiber, and the extra delay of 2 msec observed in Figure 7B would be due to the time needed by the impulse to propagate through specialized tissue from the site of intracellular stimulation to the above-mentioned effective junctions. On the other hand, when the preparation was driven by external stimuli applied to a false tendon as it was in Figure 7A , the moment of activation of neighboring terminal fibers should be nearly synchronous and fixed.
II. ORTHODROMIC VS. ANTIDROMIC PROPAGATION IN THE PURKINJE-PAPILLARY MUSCLE PREPARATION
Matsuda et al. (10) have reported that the long P-M delays observed during orthodromic propagation were practically abolished during antidromic conduction. These results suggest that propagation is easier from muscle to Purkinje fibers than in the direction of normal impulse conduction. During orthodromic conduction, if the P-M delay was consistently long (5 to 10 msec) it is obvious that the conduction time between a given central Purkinje fiber and a muscle fiber might be 5 to 10 msec longer than the corresponding interval obtained when the impulses traveled in the muscle-to-Purkinje tissue direction. In the preceding section of this study it was found that in the same preparation long and short P-M delays (as short as 0.3 msec) could be recorded. In the last case antidromic conduc- tion would hardly provide significantly shorter delays. Therefore it was considered interesting to compare the overall conduction time from the main false tendon to muscle areas and vice versa during orthodromic and antidromic conduction. To obtain a valid comparison, certain precautions had to be observed. (1) The electrotonic spread of the stimulating current might alter the conduction velocity in the proximity of the driving electrodes. Since these alterations might not be the same in Purkinje tissue as in ordinary muscle, the recording electrodes should be at a distance from the stimulated sites and the driving pulses should be of just threshold value. (2) A comparison of the intervals obtained between the moment of firing of a central Purkinje and a muscle fiber during orthodromic and antidromic conduction would have meaning only if the route traveled by the impulses was the same in both cases, i.e., provided that propagation through other pathways did not interfere with the measurements. In an effort to meet these requirements the arrangement illustrated in the diagram of Figure 8 was used. The long false tendon attached to the preparation permitted a distance of more than 4 mm between the external electrodes and the recording micropipette (P) and insured that the path followed by the impulse through the false tendon would be the same during orthodromic and antidromic conduction. The recording micropipette and the stimulating electrode located close to the tip of the preparation were separated by a distance never less than 1 mm. The dotted line indicates that the microelectrode was moved through an arc of nearly constant radius from the stimulating cathode to explore a series of muscle fibers. The apical portion of the papillary muscle is known to be devoid of specialized tissue (9, 10); thus it is reasonable to assume that when a threshold pulse was applied to the tip of the preparation the activity was originated and propagated to the nearby microelectrode exclusively through muscle tissue. It has been shown (13) that conduction in muscle tissue is faster along the longitudinal axis of the fibers than in a transverse direction; therefore, when just threshold pulses were used to initiate activity in muscle, the shortest stimulus-muscle response interval should be obtained when the impaled muscle fiber was aligned with the longitudinal axis of the stimulated fibers. Only when this was achieved was it considered legitimate to compare the intervals between the moment of activation of the impaled central Purkinje and muscle cells during orthodromic and antidromic conduction. Meas- urements of this type were obtained in five experiments. The stimulating pulses were applied alternately to the false tendon and to the tip of the preparation at a cycle length of 700 msec. In three out of the five experiments the orthodromic and antidromic conduction times obtained for each preparation were practically equal. Figure 8 illustrates the results obtained in one of them. In part A the false tendon was stimulated and the conduction time between the impaled cells (P and Ml) was 28.5 msec. In part B the tip of the preparation was stimulated; the position of the microelectrode (Ml in the diagram) was selected to provide the shortest stimulusmuscle response interval. During antidromic propagation the interval between the re-
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sponses was 29.0 msec; the difference in conduction times in A and B was minimal.
After these records were obtained, the location of the microelectrode was changed to the position represented in the diagram by M2. The records shown in parts C and D of the same figure were then obtained. It is clear that during orthodromic conduction (part C) the interval between the moment of firing of the impaled cells was similar to that obtained in A. In part D the tip of the preparation was stimulated and the Purkinje action potential appeared at the same time as in B, but the stimulus-muscle response interval was considerably longer, presumably because the impulse traveled through muscle tissue in a direction transverse to the longitudinal axis of the fibers. Therefore, by the time the impulse reached the location M2 it must have advanced considerably farther in a direction parallel to that of the stimulated fibers. The end result as indicated in Figure 8D was a spuriously short conduction time from muscle to central Purkinje. Similar results were obtained in the three experiments under consideration, and in each of them essentially the same observations could be repeated when the position of the muscle stimulating electrode was changed and the muscle recording micropipette was moved accordingly.
For the records of Figure 9 , obtained from the same preparation as Figure 8 , the position of the stimulating electrodes and of the microelectrode located in the false tendon was the same as in Figure 8 , but the impaled muscle cell was close to the site of attachment of the false tendon in a region rich in specialized fibers (M3 in the diagram of Fig.  8 ). In part A the false tendon was stimulated, and in part B the tip of the preparation was activated. It is obvious that the apparent conduction time obtained during antidromic conduction (B) was considerably shorter than that obtained during orthodromic propagation (A). The marked discrepancy between the results of Figures 8A and 9B can readily be explained. In the last case it is quite probable that when the tip of the preparation was stimulated, the advancing wave front would have engaged specialized tissue before it reached the impaled muscle cell. In fact, it is likely that under such conditions the muscle cell (M3) was activated indirectly via specialized fibers. In other words, the route followed by the impulse during orthodromic and antidromic conduction was not the same and the comparison of the conduction times obtained in Figure 9 is not valid.
In the remaining two experiments of this series, although the same precautions were taken to make legitimate comparisons, the conduction times obtained during orthodromic conduction were consistently longer than those during antidromic propagation. The differences obtained in one of these experiments varied between 2 and 5 msec. These values correspond to the extremes found when the muscle-stimulating electrode was changed in position and the corresponding microelectrode was relocated to provide the shortest muscle stimulus-response interval. In the other experiment the differences were larger: between 5.5 and 7 msec.
III. INFLUENCE OF EXTERNAL K+ CONCENTRATION ON CONDUCTION IN THE PURKINJE-MUSCLE SYSTEM
Moderate increases (to 6 ITIM) in the external concentration of K + increase the intraventricular conduction velocity in the mammalian heart (14, 15) . The reduction of the membrane potential obtained with such concentrations is relatively small, and although some inactivation of the "Na carrier mechanism" is already apparent, the concomitant increase in electrical excitability preponderates; the net result is an enhancement of -intraventricular conduction.
In the two experiments described in the preceding section in which the orthodromic conduction time was longer than that in the opposite direction, the effect of increasing the external concentration of K + from 2.7 IDM (normal Tyrode) to 6.0 ITIM was tested. In both experiments the difference between the orthodromic and antidromic conduction times was reduced. This could be explained if the long P-M delays presumably present during orthodromic conduction were shortened by increasing the external concentration of K + . Figure 10 shows that this does in fact occur. In all sections of the figure the records were obtained from the same cells: the upper trace corresponds to the transmembrane potential of a terminal fiber and the lower trace to that of a neighboring muscle fiber. In part A the control P-M delay was 7.2 msec. Between A and B the external concentration of K + was increased from 2.7 to 6 ITIM. While under continuous observation, the P-M delay suddenly shortened by 1.6 msec (Fig. 10B) . Later, as the preparation approached equilibrium with the new concentration of K + , the estimated P-M delay decreased further; it was 4.2 msec in C and 3.3 msec in D. Although the impalements were not perfect, the time relations are valid, and it is clear that during the hyperkalemia the muscle action potential and the second depolarization of the terminal fiber moved pari passn. The sudden decrease in the P-M delay obtained between parts A and B can be interpreted as follows. In normal Tyrode's solution (part A) the long delay was the result of conduction block at that particular junction. When the concentration of external K + was increased, the excitability of the junctional muscle fibers also increased and the input provided by the terminal fiber suddenly became effective. A progressive increase in excitability would account for the shorter delays in C and D. It is also conceivable that the sequence of events just described occurred, not at the P-M junction explored, but in another one located close by.
Large external concentrations of K + decrease the electrical excitability of cardiac tissues and further decrease the amplitude and rate of rise of the action potentials. Under these conditions, the conduction velocity decreases and propagation may be rendered critical.
In the three experiments in which the orthodromic and antidromic conduction times were similar, an increase of the external concentration of K + to 8 mM depressed the conduction in both directions but the orthodromic conduction was affected more. A difference in conduction times of 4 to 7 msec
D FIGURE 11
Effect of high concentration of external K + on propagation across the Purkinje fiber-muscle junctions during orthodromic and antidromic conduction. The upper trace corresponds to a terminal Purkinje fiber and the lower trace to a nearby muscle fiber. Each panel shows propagation in the Purkinje-to-muscle direction followed by propagation in the opposite direction.
A: control. B, C and D: after the external concentration of K + was changed from 2.7 to 11 mni. Calibrations 100 msec and 50 me. For explanation see text.
was obtained, and as expected, the orthodromic P-M delays increased under these conditions.
If the margin of safety for propagation across the P-M junctions is greater in the muscle-to-Purkinje direction it should be possible to increase the external K + concentration to levels at which conduction block would take place at the junctions during orthodromic propagation but not in the opposite direction. This was found to be the case in three experiments; however, the concentration of K + needed to obtain these results surpassed 10 mM. Figure 11 illustrates one of these cases. The stimulating pulses were applied alternately to specialized tissue and to ordinary muscle. The sweep was triggered by the pulses applied to the main false tendon and the sweep speed was selected so that each panel showed propagation in the Purkinje-to-muscle direction followed by propagation in the opposite direction. The same terminal fiber (upper trace) and the same muscle cell (lower trace) were impaled throughout the observations. Part A shows the traces obtained under control conditions. Between A and B, the external concentration of K + was changed from 2.7 mM to 11 mM. Parts B, C, and D were obtained at successive intervals as equilibrium was approached. In B it is already apparent that the spike of the terminal fiber decreased in magnitude, but propagation was successful in both directions. In C, the activity originating in specialized fibers eventually reached muscle tissue, but propagation in the opposite direction seemed to be more effective. During orthodromic conduction the spike of the terminal fiber was followed by a pronounced incisura and the second depolarization seemed to be regenerative in nature. The action potential of the nearby muscle fiber preceded this second depolarization, and presumably conduction block occurred at the junction under consideration. That is to say, the muscle action potential and the second depolarization of the terminal fiber resulted from activity propagated from a different site. Finally, in D, when equilibrium was presumably established, propagation from Pur-kinje to muscle was blocked throughout the preparation; yet under the same conditions propagation from muscle to Purkinje still took place. During orthodromic propagation, the terminal fiber provided a small but active response of brief duration. Potentials of this type resulting from conduction block have been previously described (9, 10, 16) . During the hyperkalemic phase, part of the decrease in the magnitude of the responses was the result of the increased K + concentration, but an unknown part must have been due to the fact that the quality of the impalements,
FIGURE 12
Effect of high concentration of external K+ on propa gation in the Purkinje-muscle system. The upper trace corresponds to central Purkinje fiber, the middle trace to a peripheral Purkinje fiber and the lower trace to ordinary muscle. Each panel shows propagation in the Purkinje-to-muscle direction followed by propagation in the opposite direction. A: control. B and C: after the external concentration of K + was increased to 10.5 mM. Calibrations 100 msec and 50 mo. For explanation see text.
especially that of the terminal fiber, could not be maintained.
It could be argued that during orthodromic propagation conduction block was the result of "decremental" conduction and that during antidromic propagation the response recorded from the terminal fiber might also diminish and die shortly after. However, the evidence obtained in three additional experiments clearly indicated that this was not the case. In these experiments, the pattern of stimulation was the same as that of Figure 11 , but three simultaneous records were obtained. Figure 12 illustrates typical results. Each panel shows at the start propagation in the Purkinje-to-muscle direction and at the end, propagation in the opposite direction. The upper trace shows the transmembrane potential of a Purkinje fiber located in one of the attached false tendons (central Purkinje). The middle trace corresponds to peripheral Purkinje and the lower to ordinary muscle. The impalements were maintained throughout the observation. Part A shows the control responses. Between A and B, the external concentration of K + was increased to 10.5 HIM. Part B was obtained before equilibrium was established. During orthodromic propagation, the interval between the moment of activation of the peripheral Purkinje fiber (middle trace) and the muscle fiber increased considerably and a hump distorted the repolarization phase of the peripheral specialized fiber. In C, once equilibrium was reached, conduction block occurred during orthodromic propagation between the Purkinje tissue and the muscle fibers, and it is apparent that the response recorded from the peripheral Purkinje fiber decreased considerably in duration. This phenomenon has been discussed in previous publications (9, 16) . The most significant part of Figure 12C is that under the same conditions the entire specialized system was activated without apparent decrement when the impulse traveled in the muscle-to-Purkinje direction. Once again the quality of the impalements deteriorated with time, but the results illustrated in Figures 11 and 12 provide conclusive evidence that, at least in the Circulation Research, Vol. XXVI, February 1970 presence of high concentrations of external K + , the margin of safety across the junctions is greater in the muscle-to-Purkinje direction.
Discussion
I. LOW RESISTANCE INTERCELLULAR CONNECTIONS AT THE P-M JUNCTIONS
A significant finding of this study was the direct showing that electrotonic spread can take place across the junctions (Fig. 3) . Because of the inherent difficulty of exploring fibers on both sides of the same P-M junction, it is to be expected that the number of positive results would be rather small (in our hands, 6 successful observations in more than 100 trials). It is considered that even one successful demonstration of strong electrotonic interaction between terminal Purkinje and junctional muscle should suffice.
In recent experiments (not yet published) we have found that the input resistance of junctional muscle fibers is not larger than 2.2 X 10 5 ohms. In Figure 3B the polarizing pulse was 3.5 X 10~7 amp and the hyperpolarization obtained in the terminal fiber was 63 mv. Therefore the electrotonic delay from the junctional muscle cell to the terminal fiber could not have been large.
Matsuda et al. (10) emphasized that during orthodromic conduction the close time correspondence between the moment of appearance of the second depolarization of the terminal fibers and the moment of activation of neighboring muscle cells indicates that the events are causally related. A good example of this temporal relationship is provided by Figure 10 of the present study; upon increasing the external concentration of K + , the upstroke of the muscle action potential and the second depolarization of the terminal fiber moved pari passu as the P-M delay shortened. Since the intercellular connections of the P-M junctions offer relatively low resistance to current flow, it seems justifiable to attribute the second depolarization to electrotonic spread of the action potentials of junctional muscle back into the corresponding terminal fibers. This, of course, could happen only when the magnitude of the muscle action potential surpassed that of the terminal fiber, and would be apparent only if at that time the membrane resistance of the terminal fibers was sufficiently high. In the records with the shortest P-M delays, the second depolarization appeared 1.3 to 2.0 msec after the terminal fibers had fired; it is conceivable that by that time their membrane resistance had reached a magnitude sufficient to show an electrotonic component.
The direct demonstration that large electrotonic interactions can take place across the junctions strongly supports the view that propagation from one tissue to the other is electrical. Accordingly, the prepotentials recorded from junctional muscle fibers during orthodromic propagation probably correspond to electrotonic spread, over an unknown distance, of the beginning of the action potential of terminal fibers. Frequently the prepotentials lead directly to regenerative activity ( Figs. 4 and 6B) . However, in regions where the P-M delays were long, the prepotentials passed through a maximum, and their shape closely resembled the initial portion of the action potential of terminal fibers (Fig.  5 ). It is difficult to conceive that such similarity in shape could be attributed to any mechanisms other than electrotonic coupling.
II. THE MARGIN OF SAFETY FOR PROPAGATION ACROSS THE P-M JUNCTIONS
The results obtained in the first section of this study indicate that, during orthodromic propagation, the P-M delays in different regions of the same preparation are variable (0.3 to 10 msec). Furthermore, the long P-M delays are probably the consequence of conduction block at some of the junctions. Since both short and long P-M delays were observed within distances less than 1 mm from each other, it seems reasonable to assume that the margin of safety for propagation varies considerably among the junctions.
In normal Tyrode's solution Matsuda et al. (10) found that the long P-M delays observed during orthodromic propagation were practically abolished during antidromic conduction. This would provide definitive proof that the margin of safety across the junctions is higher in the muscle-to-Purkinje direction if, and only if, the junctions explored were the first ones to receive the wave front initiated at the tip of the preparation. In other words, it is possible that before it reached the impaled terminal fibers, the muscle wave front engaged other specialized fibers, from which it would travel rapidly over the Purkinje network, thus providing a spuriously short muscle-terminal Purkinje delay.
In canine Purkinje-papillary muscle preparations, Alanis and Benitez (17) compared the overall P-M conduction time during orthodromic and antidromic propagation. They consistently found that the conduction time during orthodromic propagation averaged 11 msec longer than during antidromic propagation. However, the location of their electrodes was similar to that used in Figure 9 of the present study, and as already mentioned, the comparison of conduction times under these conditions is not valid.
The results obtained in section III show conclusively that, in the presence of large external concentrations of K + (Figs. 11 and  12 ), the margin of safety for propagation across the junctions is indeed higher in the muscle-to-Purkinje direction. These experiments are interesting because, to obtain conduction block at the junctions during orthodromic propagation, the concentration of external K + needed to be increased to values higher than 10 mM. These concentrations considerably decrease the efficacy of the action potential as a stimulus and also decrease the electrical excitability of the cardiac cells to the point at which propagation in central Purkinje and in ordinary muscle is seriously impaired. From these results it seems safe to extrapolate that in normal Tyrode's solution, although the margin of safety across the P-M junctions is rather variable during orthodromic propagation, some junctions, presumably those with short P-M delays, have a relatively high margin of safety.
In the experiments reported in section II, the conduction times from central Purkinje to apical muscle were determined during orthodromic and antidromic propagation under conditions which permitted legitimate com- parisons. The results obtained can readily be explained if it is assumed that across the junctions the margin of safety for propagation in the muscle-to-Purkinje direction is higher than in the physiological direction. In three experiments no significant differences were observed. It is possible that in these cases there was a preponderance of junctions with short P-M delays (0.3 to 0.8 msec) and under these conditions antidromic propagation would hardly provide significantly shorter conduction times even if the margin of safety across the junctions depended on the direction of propagation. In the two experiments where clear-cut differences were observed, the junctions with long P-M delays would preponderate and the results obtained can be accounted for in terms of the hypothesis under consideration. It is interesting to note that in these two experiments a moderate increase in the external K + concentration (up to 6 ITIM) decreased the P-M delay ( Fig. 10) and that under these conditions the differences between orthodromic and antidromic conduction times diminished.
III. IMPEDANCE MATCHING AT THE P-M JUNCTIONS-THE "FUNNEL" HYPOTHESIS
Although the weight of the evidence supports the view that propagation across the P-M junctions is electrical, it is still necessary to find a congruous explanation for the following observations: first, the variability of the P-M delays observed in the same preparation during orthodromic conduction; second, the finding that some P-M delays may be the result of conduction block; and third, the fact that, at least in the presence of a high concentration of K + , the margin of safety for propagation is higher in the muscle-to-Purkinje direction. What follows, although speculative, constitutes a working hypothesis that can account for these observations.
Although the number of P-M junctions must be large in the preparations used in this study, the junctions must be scattered in the ventricular mass. If each terminal Purkinje fiber ended in regions with profuse low resistance myocardial interconnections, the muscular part of the junction would present a Circulation Research, Vol. XXVI, February 1970 rather low impedance to the current pulse produced by the terminal fiber, and electrical transmission would hardly take place. However, a suitable geometry would enhance the efficiency of the system to transmit electrical signals. It is proposed that the functional geometry changes progressively from a cablelike system at the level of the terminal Purkinje fibers to a two-or three-dimensional irregular syncytium at the bulk of the myocardial mass. A possible but oversimplified and schematic model of each junction is a funnel-shaped system whose narrow portion would correspond to a terminal Purkinje fiber and whose conical part would be composed of a progressively increasing number of interconnected muscle fibers. The base of each cone would be continuous with the myocardial mass. In such a system, an advancing wave of excitation traveling in the Purkinje-to-muscle direction would not encounter abrupt changes in impedance, and efficient electrical transmission would be possible. Depending on the taper of each "funnel," different P-M delays should be obtained. In some of the junctions, the P-M delay would be rather short (0.3 to 0.8 msec); in other junctions, the funnels might have large tapering angles and propagation in the orthodromic direction would be blocked under the experimental conditions of the present study. Obviously, in such a system propagation from muscle to Purkinje fiber would take place with a larger margin of safety than in the physiological direction. In other words, the change in impedance would favor antidromic propagation across the junctions. Therefore, the results obtained in the presence of increased concentrations of external K + would be accounted for.
Teleologically the existence of junctions that normally are incapable of propagating impulses in the orthodromic directions seems strange, but in the in-situ heart perfused with blood it is conceivable that all of the P-M junctions propagate impulses. However, under abnormal circumstances a large number of the P-M junctions might fail to propagate orthodromically while others would still transmit activity. At the blocked sites, short action 150 MENDEZ, MUELLER, URGUIAGA potentials would be present ( Fig. 11 ) and under these conditions the probability of reentry would be enhanced.
